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Popular Summary

Rain is highly variable in space and time. In order to measure rainfall over
global land with satellites, we need observations with very high spatial resolution
and high frequency in time. The TRMM satellite, with its Precipitation Radar (PR)
and Microwave Imager (TMI) radiometer attempts to make such measurements.
The basic method to estimate rain from PR has been developed over the past several
decades. On the other hand, the TMI method of rain estimation is still in the state
of development, particularly over land. Our objective is to develop a rain
estimation technique suitable for land regions utilizing the TMI observations. In
this preliminary study, we are establishing a theoretical basis to relate the TMI
measurements to the rain rate. With this analysis, we are showing that the
information conveyed by the TMI and PR observations are consistent. Having
justified the capability of the radiometer as a tool to estimate the rain rate, we can
deduce precipitation over global land regions.
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Abstract

Observations of brightness temperature, Tb, made over land regions by the
Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) radiometer have
been analyzed along with the nearly simultaneous measurements of the vertical
profiles of reflectivity factor, Z, made by the Precipitation Radar (PR) onboard the
TRMM satellite. This analysis is performed to explore the interrelationship between the
TMI and PR data in areas that are covered predominantly by convective or stratiform
rain. In particular, we have compared on a scale of 20 km, average vertical profiles of Z
with the averages of Tbs in the 19, 37 and 85 GHz channels. Generally, we find from
these data that as Z increases, Tbs in the three channels decrease due to extinction. In
order to explain physically the relationship between the Tb and Z observations, we
have performed radiative transfer simulations utilizing vertical profiles of
hydrometeors applicable to convective and stratiform rain regions. These profiles are
constructed taking guidance from the Z observations of PR and recent LDR and Z;

measurements made by land-based polarimetric radars.

We find that the hydrometeor particle size distribution plays an important role in
both the convective and stratiform simulations. In the convective model, a significant
mixed layer of water and ice particles above the freezing level is necessary to simulate
Tbs satisfactorily. In the stratiform model, the density of ice aggregates (snow flakes),
which varies inversely with respect to the square of the particle diameter, is required.
Also, the emission due to melting snow flakes below the freezing level is needed. The
differences in the viewing geometry between PR and TMI could affect the quality of the

simulations. This issue is not addressed here. In this study, we demonstrate that the 85



GHz observations of TMI can be simulated crudely from the observations of Z.
However, the 37 and 19 GHz observations are not as well simulated because of non-
uniformity in the horizontal distribution of hydrometeors below the freezing level, and
contamination introduced by the surface emission. On the other hand, from TMI
observations, we find that the brightness temperature difference (T19-T37) minimizes
these sources of error. This investigation indicates that the TMI 85 GHz channel yields
the best information about rain over tropical land because it has minimal surface
contamination, strong extinction, and a fine footprint. The brightness temperature

difference (T19-T37) can supplement the information given by the 85 GHz channel.



1. Introduction

In atmospheric columns with convective rain, the nature of hydrometeors has
been observed to differ significantly from that in columns with stratiform rain (e.g.,
Houze, 1993, 1997). This is mainly because of differences in the dynamics associated
with these two rain types. In convective regions, low-level convergence of moist air
results in buoyant updrafts that can have speeds of several ms”. Furthermore, in
convection the rain drops grow by, the collision-coalescence mechanism primarily
below the freezing level. Above the freezing level, the relatively strong vertical
motions lead to a layer containing water and ice particles in mixed-phased form (see
Smith et al., 1999; Bringi et al., 1997; Balakrishnan and Zric, 1990; and Sax and Keller,
1980). Radar reflectivity factor, Z (hereafter termed reflectivity), measurements in the
convective regime indicate an appreciable variability in the horizontal. The typical scale
of convective cells is on the order of a few kilometers. However, these cells often exist
together on a scale of about 20 km, which corresponds to that of thunderstorms (Cbs).
Thus, to get fine information about convective rain, an observing instrument should
have a field of view (fov) of about 2 km. If an instrument has a resolution that is poorer

than this, details of the Cbs can be perceived only in a crude fashion.

In contrast to the dynamics associated with convective rain, in stratiform rain
regions there is weak mesoscale convergence near cloud base, which leads to weak
rising motion above (Houze, 1997). Radar reflectivity measurements show that in the
stratiform rain regime there is a relatively uniform distribution of hydrometeors in the
horizontal. The growth of hydrometeors takes place mainly above the freezing level,

and is due to deposition of water vapor onto slowly-falling ice particles that form large,



low-density ice aggregates (snow flakes) (see Sekhan and Srivastava, 1970). In
stratiform rain regions, the mixed-phase layer above the freezing level is not prominent
due to weak vertical motions. Below that level, snow flakes melt within about a
distance of 500 m (e.g., Schols and Weinman, 1999). Under favorable conditions, this
melting layer manifests itself as a "bright band", or peak, in the radar reflectivity profile.
Beneath this layer, rain drops essentially originate from the relatively-large snow flakes
that have fully melted. For a given rain rate, it is found that the mode diameter of drop
size present in stratiform rain is larger than that in convective rain (see Short et al.,
1997). In the estimation of near-surface rain rate, R, based on radar reflectivity, this
difference in drop size distribution between convective and stratiform rain is

incorporated in the form of separate Z-R relationships.

From the above discussion, it follows that the presence of a bright band in the
vertical profile of Z, and/or horizontal variability of Z, is needed to infer rain type.
Given this information one can estimate rain rate using an appropriate Z-R relationship
(e.g., Iguchi et al., 2000). In the case of passive microwave radiometer observations,
local minima in 85 GHz brighiness temperature, T85, can be used to discriminate
crudely convective rain from stratiform rain. Then, in a manner similar to radar,
empirical T85-R relationships could be developed to retrieve convective and stratiform
rain rates from microwave radiometer data (Prabhakara et al., 2000, from hereafter
PIWD). An analogous approach was implemented by Adler and Negri (1988) to

estimate convective and stratiform rain rates from satellite infrared radiometer data.

In this study, in order to appreciate the connection between radar and passive

microwave radiometer observations, we have analyzed the nearly simultaneous



measurements of the Tropical Rainfall Measuring Mission (TRMM) Microwave Imager
(IMI) radiometer and Precipitation Radar (PR) onboard the TRMM satellite. In
particular, we have compared the vertical profiles of Z given by the PR with the
brightness temperatures, Tbs, in the 19, 37, and 85 GHz - i.e, T19, T37, and T85 -
measured by the TML This is done separately for the convective and stratiform rain
areas discriminated by the PR. Then, in order to explain theoretically the connection
between the profiles of Z and the Tbs, we have developed separate radiative transfer
models applicable to convective and stratiform rain regions. From this investigation,

we can infer the relative importance of different channels of the TMI radiometer for the

purpose of rain retrieval over land.

2. Correspondence Between TMI and PR Observations of Convective and Stratiform Rain

Over Land

The near-surface rain rate deduced from PR observations has a horizontal
resolution of about 4.3 km x 4.3 km. These PR data are arranged uniformly at a spacing
of about 4.3 km both along and across scan lines. On the other hand, the footprints of
the TMI 85 GHz vertical and horizontal polarization channels are approximately 5.0 km
x 7.0 km, and are separated by about 5.0 km along scan lines and about 14 km across
scan lines. This scan pattern degrades the effective resolution of the TMI 85 GHz
channel compared to that of the PR. The TMI radiometer contains additional channels
in vertical and horizontal polarization near 10, 19, and 37 GHz that have a resolution of
about 40, 20, and 10 km, respectively. Furthermore, TMI has a 21 GHz channel in
vertical polarization that has a resolution similar to that of 19 GHz. In this study, we are
scrutinizing the information given by the PR and the TMI in the 19, 37, and 85 GHz

channels. The TMI 10 and 21 GHz channels are not included in this investigation. This is



because the 10 GHz channel has a relatively large footprint, and the information given
by the 21 GHz channel is very similar to that of 19 GHz. Also, we consider only the
horizontal polarization measurements made by TMI, because they tend to have a larger

dynamic range compared to vertical polarization measurements.

In Figures la-e, we show maps of T19, T37, T85, and (T19-T37), as well as a map
of PR near-surface rain rate, for a mesoscale convective system (MCS) that occurred
over the Southeast United States on 5 June 1998. From these figures, we note that the
spatial distribution of PR rain rate compares well with that of T85, but not with that of
T19 or T37. In the 19 GHz panel, the minimum of 245 K seen in the northwest corner is
essentially due to wet surface, and the minimum of 260 K seen toward the east is rain
related. These features may be noticed in the 37 GHz panel with a different emphasis
on wet land and rain. In the 85 GHz panel, the wet surface influence is not apparent.
This illustrates that the lower frequency channels on land are significantly contaminated
by surface emissivity variations. However, a map of the difference, (T19-T37), which
reduces this surface contamination, produces a good comparison with the PR rain rate
patterns. Such information given by the microwave radiometer and the radar is

noticed over widely different regions of the tropics.

We show in Figure 2a a vertical cross section of the radar reflectivity taken from
TRMM PR along a sub-satellite track. This cross section, which starts at (35.1° N, 90.6°
W) and ends at (35.0° N, 87.6° W), corresponds to the same MCS depicted in Figs. la-e.
We note from Fig. 2a that the leading edge of the storm, with its tall convective towers,
is near 88" W. High reflectivity cores (> 30 dBZ) that extend wéll above the freezing

level (~5.0 km) characterize these convective towers. To the west of these convective
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Figure 1: Maps of a) T19, b) T37, ¢) T85, d) (T19-T37), and e) PR near-surface rain rate
for a mesoscale convective system observed by the TRMM satellite on 5 June 1998 over
the Southeast United States.



[ PR Reflectivity (dBZ) a -
2 1o} ]
wo | )
w |
= - -
= i -
H 5| -
< | )
oL : . . ]
: ' ' | b
— i RS il T19h -
< 250 |- 31'0--8:,:'_.:_:.'“’”".0“ ..0-""&'0’-..‘ T .
2 Ut * . T37h ]
£ [ . 7 )
(] - % K “
- I » ]
@ 200 - .
o o -
£ [ ]
S 150f T85h
m [ i
100( X . . ]
— o F c ]
£ 12o0p ':
E - -
é 100 E- :
2 8o -
= :
o g :
c 60 -
£ : :
& aof -
T :
20 r
0 C J—— : Ll y
-91 -90 -89 -88 -87

LONGITUDE

Figure 2: Vertical cross-sections of a) PR reflectivity, b) TMI T19, T37, and T85, and ¢)
PR near-surface rain rate for the MCS presented in Figure 1. Note that these
observations represent those from the TRMM sub-satellite track.



towers, from 88.6° W to 90.3° W, and above the freezing level, we notice an extensive
anvil cloud with an almost horizontally uniform pattern of reflectivity. Below the
freezing level, underneath the anvil cloud, thereis a bright band that is about 0.5 km in
thickness. Strong reflectivity in the bright band is attributed to large, low-density
melting snow flakes, while the strong reflectivity above the freezing level in the cores
of the convective towers is attributed to small, water-coated dense graupel (Bauer et al.,
2000). Near the surface, there is intense convective rain in the convective towers, while
there is relatively light stratiform rain underneath the anvil (see Figure 2c). Notice

there is a small region referred to as the Bounded Weak Echo Region (BWER) between

88.4° W and 88.5° W in the layer from 2 km to 6 km, which is at the origin of the anvil
cloud. Such a BWER has been described in earlier studies with the help of observations
made by ground-based radars (see Houze, 1993). This description of the reflectivity
pattern and rain rate associated with a MCS is helpful in relating the TRMM PR

observations with those of TMIL. ‘

In Figure 2b the brightness temperatures measured by TMI in the 85, 37 and 19
GHz channels are shown along the sub-satellite track to correspond to the cross section
of PR reflectivity shown in Fig. 2a. In the response of the 85 GHz channel, we find there
is a strong scattering depression due to relatively dense ice particles (Wu and Weinman,
1984) where the convective towers are present, but some of the individual towers are
not well resolved. Thé anvil in the stratiform region produces weaker scattering
depression. Over the entire cross-section domain, the response of the 37 GHz channel
is similar to that of the 85 GHz channel, except that the scattering depression in 37 GHz
is not as strong. The response in the 19 GHz channel is the weakest of the three

channels. The interrelationship between TMI measured T85, T37, and T19, and the PR



measured Z and R, is only crudely reflected in Figs. 2a-c, because of differences in the

resolution of the TMI and PR data.

To compare the TMI and PR data sets, we have averaged them to one spatial
scale, which corrésponds to the 19 GHz fov. This scale is about 20 km, which is similar to
the scale of Cbs. Averaging the TMI and PR data to this scale helps also to alleviate
problems introduced by the differences in the viewing geometry of these two
instruments. The TMI has a conical scanning geometry, while the PR has a cross-track
scanning geometry. The PR data near the surface is generally used to deduce rain
information. On the contrary, the 85 GHz temperature responds to the hydrometeors
in the whole column of the atmosphere, with special emphasis on ice hydrometeors
above the freezing level (Wu and Weinman, 1984). Thus, differential advection of
hydrometeors between the upper and lower levels can create spatial mismatch between
the 85 GHz data of TMI and PR near-surface rain observations. Also, the hydrometeors
originating at higher altitudes take several minutes to reach the surface. For these
reasons, averaging the data of each instrument to the scale of the 19 GHz fov will reduce
the problems involved in comparing the information content of these two datasets.
Similar arguments also apply to the 37 GHz data. However, compared to the 85 GHz,
the 37 GHz channel responds to lower layers of the atmosphere, while the 19 GHz

channel is sensitive to layers even further below.

Based on the arguments presented above, we have assumed that averaging the
TMI 85 and 37 GHz data to the 19 GHz fov, will be suitable for this study. A similar

averaging is also applied to the PR measured reflectivity, Z, at several discrete altitudes



and to the near-surface rain rate, R. All of these TMI and PR data averaged to the 19

GHz fov are referred to from hereafter as pixel data.

The PR data show that rain rate can be highly variable within a 19 GHz fov.
There can be 17 PR footprints of 4.3 km x 4.3 km in this fov. These 17 footprints can be
sorted according to the PR classification as having no rain, stratiform rain, or convective
rain. Here we assume PR-observed, near-surface rain rate is zero when it is less than
0.1 mmhr”. In this study, a given pixel is categorized as convective when 50 % or more
of its area is covered by rain of convective type. This threshold of 50% is chosen
because convective rain area tends to have a small scale. Similarly, a pixel is categorized
as stratiform when 80 % or more of its area is covered by stratiform type of rain. Each
one of these relatively pure convective and stratiform rain pixels is generally found to
contain a small (< 25 %) rain-free area. Of the total number of rain pixels in a given
MCS, only about 15 % meet these strict criteria of convective and stratiform type. For
the purpose of generating a set of TMI and PR data associated with such convective and
stratiform pixels, we have utilized 20 MCS rain events observed by the TRMM satellite
over diverse land regions of the tropics. The time, location, and the number of
convective and stratiform pixels for each MCS case is presented in Table 1. Note, in
order to reduce contamination from wet land surfaces, the data where the polarization
difference between the vertical and horizontal channels in the 19 GHz is greater than

5 K are eliminated.

In Figure 3a, we present a plot of T85 and the corresponding PR rain rate that
have been averaged to the pixel scale. This data is gathered from the 20 MCS events

listed in Table 1. From this plot, we see that the pixels characterized as convective by

10



Table 1: The date, time, and location for 20 MCS events over land observed by the
TRMM satellite. Also given are the number of convective and stratiform pixels for each
rain event. (The pixel data derived from TMI and PR associated with these rain events

are made available through anonymous FIP at climate.gfsc.nasa.gov).

Number Month Day Time  Lat  Long Region # Conv # Strat
: Pixels Pixels

1 '98 Jan 9 528 -465 -74.20 Amazon 3 94
2 '99 Jan 19 1820 -1790 29.75 Africa 1 24
3 '99Feb 13 1431 -17.20 127.50 Australia 12 13
4 '98 Jun 5 708 32.75 -92.00 USA 10 1
5 '98 Jun 5 845 35.00 -89.10 USA 27 40
6 '98 Jun 8 2010 1250 -1.40 Africa 5 11
7 '98 Jun 9 1030 440 -66.20 Amazon 0 62
8 98 Jun 11 441 33.00 -99.50 USA 13 14
9 98 Jun 18 1500 2690 115.70 China 3 66
10 98 Jun 20 1411 25.80 115.00 China 4 17
11 98 Jun 29 456 32.75 116.00 China 12 19
12 '98 Jul 1 829 12.20 -2.20 Africa 12 27
13 '98 Jul 5 223 24.00 81.50 India 7 29
14 '98 Jul 20 1648 2890 116.00 China 2 18
15 '98 Jul 20 2247 1780  -0.05 Africa 20 27
16 '99 Jul 11 157 25.00 84.10 India 14 54
17 '99 Jul 22 405 4.60 -69.30 Amazon 11 17
18 '99 Jul 29 2018 14.45 2.50 Africa 13 15
19 '99Sep 16 413 3420 -78.20 USA 11 62
20 98 Dec 28 1034 -26.70 -58.00 South America 30 40
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Figure 3: Observed PR rain rate versus 85 GHz brightness temperature for a) 20 km
pixels and b) averages of 20 km pixels over 20 K intervals of T85. The open circles denote
observations from convective regions, while the filled circles represent observations
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the PR have relatively high rain rates and the pixels characterized as stratiform have
generally low rain rates. There is a lot of scatter in the data, however, generally T85
decreases as R increases. A closer examination of the PR data shows that most of the
convective pixels have rain rates greater than 10 mmhr?, even at warm brightness
temperatures as high as 260 K. In the stratiform pixels, more than 97 % have rain rates
less than 10 mmhr?., Also, we find from Fig. 3a that the magnitude of the slope
dT85/dR given by linear regression for convective rain is significantly smaller than that
for stratiform rain. This observation suggests that T85 has more sensitivity to
hydrometeors associated with stratiform rain. We may note that stratiform rain rate

does not show a simple linear behavior with respect to T85.

To enhance further statistical strength in the pixel data described above, we have
performed additional averaging. First the PR and TMI pixel data are sorted according to
the T85 value. Then in each 20 K interval of T85, the TMI pixel data of T19, T37, and T85
are averaged. Similarly, the near surface rain rate given by PR and the reflectivity, Z, at
individual altitudes are averaged. This has been done separately for convective and
stratiform regions using the data from the 20 MCS events listed in Table 1. These

averages of pixels are presented in Tables 2a and 2b. An overbar is used to denote these

averages of pixels ,i.e., T19, T37, T85, Z and R. Each row in these tables represents a
sequential 20 K interval in T85 and is identified alphabetically. The number of pixels that
are averaged in each row is also shown in the tables. It may be pointed out that the
standard deviation of all observations of Z at each altitude for a given T85 interval of 20
K has a magnitude that is comparable to the mean value itself. For each row in Tables

2a and 2b, the fractional area of convective rain (C) and stratiform rain (S) is indicated as

11
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a percentage. Also, since these two rain areas do not add up to 100 %, we can infer the

rain-free area.

Taking the pixel averages given in Tables 2a and 2b, we present in Figure 3b the

relationship between R and T85 for the convective and stratiform regions. This figure

shows clearly that when one averages the data in the above manner, the variability in
the data is reduced, and a clear relationship between R and T85 emerges. The

convective rain rate increases non-linearly as T85 decreases. This non-linear
relationship resembles that derived from radiative transfer theory, where scattering

from ice hydrometeors above the freezing level is included (see Wu and Weinman,
1984). The stratiform R increases slowly until T85 decreases to 220 K, due to ice
scattering. But, contrary to theoretical expectations, as T85 decreases further,
stratiform R also decreases. Thus, a different explanation is needed to understand this

feature.

In Figures 4a and 4b, we present plots of Z at different altitudes in the
atmosphere as a function of T85 using the average pixel data given in Tables 2a and 2b.

From Fig. 4a, we find that as T85 increases from 120 K to 220 K, log,,Z decreases

almost linearly. However, when T85 is near 240 K and 260 K, this linear trend is

broken. In Fig. 4b, where the averages of the pixel data for the stratiform rain are

presented, we find again that as T85 increases from about 220 K to 260 K, log,,Z

decreases almost linearly. On the other hand, when T85 is near 200 K and 180 K, this

trend in log,, Z is again broken. Note, in the stratiform rain areas that the magnitude

of Z in the reflectivity profiles decreases below the melting layer. This decrease can be

12
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noticed all the way to the surface in Rows A and B of Table 2b. This decrease is

apparently due to evaporation of rain drops below the freezing level. The cause of the
breakdown mention above in the relationship between T85 and log,,Z in convective

and stratiform observations is possibly due to problems associated with the differences
in viewing geometry of the TMI and PR, which cannot be totally eliminated by
averaging. A good example that reveals the problems associated with differences in
viewing geometry is shown schematically in Figures 5a and 5b when TMI and PR are

viewing along the sub-satellite track.

In Fig. 5a, the BWER indicated within the anvil has weak stratiform rain near
surface. A possible viewing geometry of PR and TMI with respect to the BWER is also
illustrated in the figure. Based on this viewing geometry, we can infer that while the PR
senses weak near-surface rain rate, the radiometer with an oblique view senses
substantial reflectivity of ice hydrometeors aloft, which is typical in convective rain. In
Fig. 5b, we show that the view of the PR is directly above the convective area, where
the reflectivity is high. The conical view of the TMI on the other hand, is passing
through low reflectivity layers aloft, before it views the same area at the surface. These
combinations of radar and radiometer measurements shown in Fig. 5a for stratiform
regions and Fig. 5b for convective regions lead to spurious information about rain in
the TMI measurements. Also, from these illustrations, a possible explanation is given
for the anomalous relationship between T85 and log, Z discussed above.
Furthermore, they could be used to explain relatively large convective rain rate (~10
mmbhr') when T85 is warm (> 240 K), and significantly small stratiform rain rate (< 4
mmbhr!) when T85 is cold (< 220 K) as shown in Fig. 3b. Although we have used the

example of BWER to explain strong anomalies, we expect that there will be anomalies in
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PR and TMI data whenever a vertical profile of Z is perturbed by differential horizontal

advection, or other processes.

In convective rain, despite some problems due to viewing geometry, the PR and

TMI observations shown in Fig. 4a demonstrate that there is a relatively strong
relationship between T85 and the vertical profiles of Z. The brightness temperatures

T19 and T37 have a weaker relationship with the radar reflectivity as shown in Table

2a. From this table, we note that the range in value of T85, T37 and T19 from Row A
to Row H is about 137 K, 67 K, and 18 K, respectively. The corresponding range in R is
about 20 mmhr!. In addition, the rain rate and Tbs in all three channels vary
systematically from Row A to Row H, with no minimum or maximum in between. On
the other hand, from Table 2b we observe that such a systematic nature is missing in
stratiform regions. The rain rate has a maximum value of 5 mmbhr? where T85 is about
220 K (see Row C in Table 2b). Also, T37 and T19 indicate a minimum in Row B. We
believe the errors introduced by viewing geometry of TMI and PR in the weak

stratiform rain regime are responsible for these anomalies.

Based on the averages of the pixels presented in Tables 2a and 2b, we note that

for a given set of brightness temperatures - i.e., T19, T37 and T85 - one can get widely
different rain rates depending on the type of rain that is being observed. An example

of this can be found by comparing the data in Row F in Table 2a and Row C in Table 2b.
From these rows, 185 is close to 220 K, while T37 and T19 are close to 258 K and 275 K,

respectively. However, we find near-surface rain rate, R, deduced from PR for the

convective rain is 17.4 mmhr?, while it is 5.0 mmhr? for the stratiform rain. This implies
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that the radiometer data are on the average insensitive to the type of rain. Thus, in

order to estimate rain rate satisfactorily from TML, it is critical to specify the nature of

rain.

3. Hydrometeor Profiles Applicable to Convective/Stratiform Radiative Transfer

Models

In order to simulate the observed characteristics of the Tbs in the 19, 37, and 85
GHz TMI channels, we have developed separate radiative transfer models applicable to
convective and stratiform rain regions. The radiative transfer equation pertaining to
these models includes absorption, emission, and scattering due to gases, cloud water,
and liquid and frozen hydrometeors in the atmosphere. This equation, along with
relevant boundary conditions, is presented in the Appendix. Also, a description of the
procedure that we have adopted to estimate the extinction coefficients, single scattering

albedos, and phase functions is presented in the Appendix.

In this section, we develop the hydrometeor profiles applicable to convective and
stratiform rain regions that are used in our radiative transfer models. For this purpose,
we utilize information from the reflectivity profile of PR, as well as results of studies
based on polarimetric radar data. In addition, particle size distribution information
from past analyses of aircraft observations made by several investigators is

incorporated.
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3.A. General Considerations

The basic strategy that we have implemented for both the convective and
stratiform models is to simulate the brightness temperatures T85, T37, and T19 for each
profile of reflectivity, Z, given in Tables 2a and 2b. Then, these simulated Tbs are
compared with the observed T85, T37, and T19 to establish the physical relationship
between the TMI and PR measurements. In our models, the radar reflectivity is given

by
Z=C[D*N(D)dD, 1)

where N(D) [m™] is the number density of particles in a given size range dD [m], and D
[m] is the particle diameter. In the case of snow or graupel, the particle diameter is
represented by the equivalent melted diameter (see Ulaby et al., 1981). The constant C,
which depends on the refractive index, differs between water and ice particles. For
water, C has a value of 1.0, while C is 0.19/0.93 for ice. The particle size distribution

(PSD) is described using the Marshall-Palmer size distribution, as given below:
N(D) = N, exp(—AD). (2)

In this equation, N,[m™] and A [m] are the intercept and slope parameters of the PSD.

In order to match Z measured by PR, N, is given a value based on observations, such
as those of Houze et al. (1979) and Sekhon and Srivastava (1970). Then, an appropriate

value of A is determined with an iterative procedure that utilizes Equations 1 and 2.
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From Eq. 2, we can define the weighted-mean diameter, <D> [um], of the PSD as

JN(D)DdD

(D) =10° [N(D)dD ©)

Also, the equivalent water content, W [gm?], is given by
—108 % 3
W=10°=p, [N(D)DdD, @)

where p,, [g cm™] is the density of water. Furthermore, we can express the rain rate, R

[mmhr], in the following manner (see Bennarz and Petty, 2001)
- 6T 3
R =3.6x10° |N(D)U(D)DdD, 5)

where U(D) [ms™”] is the fall velocity of the rain drops as a function of drop diameter.

Thus, for a given radar reflectivity, Z, we note that R calculated from Eq. 5 is directly

dependent upon N(D). In this study, we adopt the Marshall-Palmer PSD (Eq. 2).

Therefore, the rain rate deduced from Z depends on the parameters N, and A.
Since the nature of the hydrometeor profile is different in the convective and

stratiform regions, the radiative transfer models applicable to these two regions differ.

In the next section details pertaining to these models are elaborated.
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3.B. Convective Model

In our convective model, the surface temperature over tropical land is set at 302
K, and the temperature lapse rate is 6.0 Kkm. This gives a freezing level close to 5.0
km. The water vapor distribution in this atmosphere is taken such that the relative
humidity is 80 % between the surface and cloud base, and 100 % above. The cloud base
issetat 1.5km, and the cloud liquid water content below the freezing level is assumed
to increase linearly from 0.5 gm?® to 1.0 gm™ as surface rain rate increases from 2.0

mmhr! to 32.0 mmhr™.

The PSD at all model levels is inferred using a single value of N, Below the
freezing level, all hydrometeors are assumed to be water drops. We have adopted a
model of the hydrometeor profile above the freezing level. Observations of differential
reflectivity (Z;) and linear depolarization ratio (LDR) made by polarimetric radars
(Smith et al., 1999; Bringi et al., 1997; Balakrishnan and Zrnic, 1990; and Sax and Keller,
1980) are used in developing this model. These measurements of Zp, and LDR lead to
an inference of a layer of mixed-phase particles, consisting of water and ice, to a
substantial height above the freezing level, because of vigorous vertical motions in
convective updrafts. The relatively strong reflectivity (> 30 dBZ) observed by PR in
convective towers above the freezing level (see Fig. 2a) also supports this inference.
The detailed nature of these mixed-phase particles - i.e., the fraction and distribution of
water and ice in them - is not considered in this study, because of insufficient
information. For this reason, in our convective model, we assume for simplicity that
there is a mixed layer of finite depth above the freezing level where water drops and

frozen graupel exist together in some proportion. The density of water drops and
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graupel are respectively 1.0 gem™® and 0.4 gem®. The volume fractions of water drops

(f,,) and graupel (f_,) at each level in the mixed layer are given as follows:

0.25
£ :(h HhFJ where h, <h<h,
(6)

Here h, is the height of the freezing level, and h is the height of any given level in the
atmosphere. Now, if we denote the height of the top of the mixed layer as h;, then the
thickness H of the mixed layer is given by H = h; - h,. Equation 6 leads to 100 % liquid
phase at the freezing level, which nonlinearly approaches 0 % as h tends to h;. Above
this mixed layer, we assume all hydrometeors are completely frozen graupel with a

density of 0.4 gem™.

Given N, and H, we can define the N(D) for the ice and water particles at each

level based on the Z profile and Egs. 1, 2 and 6. With this information, we can calculate
the Mie volume absorption and scattering coefficients, k, and k,, as well as the phase
function, P, as a function of height using the procedure developed by Wiscombe (1980).
We may note these properties k,, k, and P depend on the real and imaginary parts of
the refractive index of water and ice. For graupel the values of refractive index are
computed as a function of the particle density, which depends on the volume fraction of
air and ice (Liao and Meneghini, 2000). These radiative properties are discussed in more
detail in the Appendix. This information allows us to calculate Tbs at the top of the
atmosphere for a particular viewing angle of the radiometer with the help of the

radiative transfer equation and the boundary conditions also described in the Appendix.
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The computational procedure described above is utilized to simulate the observed T85,
T37, and T19 with the Z profile given in each row (see Table 2a) and for each

combination of N, and H.

In summary, the procedure discussed above amounts to calculating Tbs using a

hydrometeor profile that is consistent with the profiles of Z. Implicitly this profile of

hydrometeors depends on the prescribed values of N, and H.

3.C. Stratiform Model

In the stratiform model, the vertical profile of temperature is the same as that in
the convective model. The water vapor distribution in this atmosphere is taken such
that the relative humidity is 80 % between the surface and the freezing level, and 100 %
above. At altitudes above the freezing level (~5.0 km), only ice aggregates (snow

flakes) are assumed to exist. The density of ice aggregates, p,,, is given as follows:

[\

20
pice - 27 (7)

sn

where D_ [mm] is the diameter of a spherical particle whose volume is equal to the
volume of the ice aggregate. Equation 7 is based on a similar expression developed by
Magono and Nakamura (1965) (see also Schols et al., 1999). In Eq. 7, the limiting value
of p,. is set equal to 0.7 gcm?, as was done by Schols et al. For the stratiform
simulations, we have developed a model for the shape parameter, N,, of the PSD

above the freezing level. This model is based on the observational studies of Houze et
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al. (1979) and Sekhon and Srivastava (1970). Houze et al. showed that N, increases as
the atmospheric temperature decreases, while Sekhon and Srivastava revealed that in
the stratiform region N, decreases as water content in the atmosphere increases. Based
on this information, we have developed an empirical equation to give Nj as a function

of height above the freezing level in the atmosphere as follows:
N,(R,h) = N"exp{ R*** + (h - h;)}, ®)

where h-h; is the height, in kilometers, above the freezing level and R is rain rate. In
Equation 8, the argument of the exponential function is forced not to exceed a value of
3.0. Also, the value of N, is not allowed to exceed 3x10° m™. This maximum value of N,

is consistent with the observations of Houze et al. (1979). Below the freezing level, N, is

given as
N,(R)=N" exp{ R*"%}. 9

The value of the parameter N" in Egs. 8 and 9 is varied over a range between 10° m™*
and 10’ m* to evaluate the impact of this parameter on the upwelling brightness

temperature.

In our stratiform model, we have a layer of relatively-large, slowly-falling, low-
density, melting snow flakes below the freezing level. The depth of the melting layer is
taken to be 500 m. To estimate the refractive index of these melting snow flakes, we

have adopted the Maxwell-Garnet mixing model of ellipsoidal ice inclusions randomly
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distributed in a homogeneous water matrix (Meneghini and Liao, 1996 and 2000). In
this combination, the water contribution dominates for all meltwater fractions (Bauer et

al., 2000). In our stratiform model, it is assumed that these snow flakes melt completely

and form raindrops at the base of the melting layer.

The hydrometeor profiles described above for the stratiform rain model are

constructed to be consistent with the stratiform profiles of Z given in Table 2b. As in
the convective model, we compute the Mie volume extinction and scattering
coefficients, as well as the phase function, as a function of height for these hydrometeor
profiles. This information is used to calculate Tbs at the top of the atmosphere for a
particular viewing angle of the radiometer with the help of the radiative transfer
equation and the boundary conditions presented in the Appendix. From the
description of the hydrometeor profile, we note that N" is the key parameter for the

stratiform region.

4. Results and Discussion

For the purpose of this study, the sensitivity of Tbs in the convective model is
examined with respect to the hydrometeor profile parameters N, and H. In the
stratiform model, this sensitivity is examined with N'. These results are given for

convective and stratiform model simulations in Subsections 4.A and 4.B, respectively.
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4.A. Convective Simulations

In Figures 6a-c, we have plotted T85, simulated with the convective model, as a
function of the observed T85 given in each row of Table 2a. In each figure panel, we
show three curves, which represent T85 simulated using three different values of H (1,
3, and 5 km). Furthermore, in order to show the dependence of these results on N, we
present in three figure panels T85 simulated using three N, values (2.0x10°, 2.0x107, and
2.0x10° m*). To appreciate the effectiveness of these simulations, we also present in
each one of these figure panels a curve showing the observed T85, which is labeled

curve A.

We find from Figs. 6a-c, that as the depth, H, of the mixed layer increases, the
curvés of simulated T85 tend to warmer values, because of reduced ice scattering.
Varying N, also has an effect on the simulated T85 values. When N is 2.0x10° m™, all
three curves representing H equal to 1, 3, and 5 km are too cold with respect to curve
A. As the parameter N decreases, the simulated curves increase in temperature with
respect to curve A. From the result given above (Figs. 6a-c), we conclude that by using
the Marshall-Palmer representation of the PSD, suitable combinations of H and N, can
be determined that can crudely explain the relationship between T85 and the profiles of
Z. We observe that when N, is 2.0x10° m™* and H is 3 km (Fig. 6b), the simulated T85
can explain the observed T85 reasonably well. A significant point to note is that
simulated T85 tends to underestimate observed T85 values near 240 K and 260 K for all
N, and H. This may be a consequence of the differences of the viewing geometry of PR

and TMI, an example of which is shown in Fig. 5b. Note also that when N, is large, it
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indicated for each curve. The solid line A in these figures representing T85 is included
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Jeads to small weighted-mean diamater (D), and large water content, W (see Figures 9b

and 9c).

In order to appreciate the sensitivity of T37 to H, we have computed T37 using
the convective model for three values of H (1, 3, and 5 km) when N, is equal to 2x10°
m*. These results are displayed with the three curves in Figure 7a. Here the observed
T85 given in Table 2a is used as the independent variable along the X axis. This helps to
compare the information given in Fig. 7a with that of Fig. 6a. Similar results obtained
from simulations using N, equal to 2x10” m* and 2x10° m™ are presented respectively in
Figures 7b and 7c, which can be compared with Figs. 6b and 6¢c. The curve A shown in
Figs. 7a-c represents the observed T37. This curve A is presented to evaluate the
merits of the simulations of T37 obtained from the radiative transfer model. From
these figures, we note that T37 is not as sensitive to N, as T85, because of the weak
extinction to ice particles (see Figure 10b). We find T37 is underestimated by about 5 to
10 K by the simulations when T85 is greater than 180 K. Simulations similar to those of
85 GHz and 37 GHz are presented for the 19 GHz in Figures 8a-c. Also, from an
examination of these figures, we find the simulated T19 is systematically colder than

T19 by about 10 to 15 K. These figures show a much reduced sensitivity to H and N,.

As discussed earlier (Figs. 6a-c), we infer that the link between T85 and Z can be
explained in terms of suitable PSD and mixed-layer depth, H. On the other hand,
simulations with the same PSD and H do not explain very well the link between
observed T37 and Z, or the link between observed T19 and Z. For example, from an

examination of the 19 GHz simulations (see Figs. 8a-c), we note again that the simulated
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T19 are systematically colder than the observed T19. This may be due to the following
reasons. Unlike the plane-parallel, vertically-stratified atmosphere assumed in the
simulations, convective clouds are finite in size. Between these convective clouds there
can be significant areas of non-raining clouds, which can be inferred from the
percentage of convective and stratiform rain shown in Table 2a. An appreciable
amount of radiation from the surface and lower layers of atmosphere can reach the
radiometer through these non-raining clouds in 37 and 19 GHz channels. For example,
if a non-raining cloud has a thickness of 2 km with a cloud liquid water content of 0.5
gm™, we estimate the transmission to the surface in 85, 37, and 19 GHz is about 0.1, 0.45,
and 0.8, respectively. Thus, the simulated values of T37 and T19, which are computed
assuming horizontally-uniform rain area, can be colder than the observed values, since

they do not take into account the contamination from the warm surface and lower

atmosphere.

In order to understand the various physical aspects of the radiative transfer
leading to the results shown in Figs. 6, 7, and 8, we graphically present for one case the
information that enters the convective simulations. In Figure 9a, the profile of Z in
Table 2a when T85 is equal to 200 K (Row E) is presented. For this profile of Z, in Fig.
9b we show the vertical profiles of the weighted-mean diameter, <D>, of the PSD for
the three different N, values, when H is equal to 3 km. The profiles of equivalent water
content, W, for these conditions are shown in Fig. 9c. The associated profiles of the
extinction coefficients are illustrated for the 85, 37 and 19 GHz in Figures 10a-c. From
Fig. 9b, we show that for a given reflectivity, Z, profile, the weighted-mean diameter
(see Eq. 3) increases as N, decreases. Then, from Fig. 9¢, we find that the corresponding

equivalent water content, W, increases as N, increases. This relationship follows from
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Egs. 1-4. Furthermore, increases in W are associated with increases in extinction in the
85, 37, and 85 GHz channels (see Figs. 10a-c). In Figure 11, the weighting function,
dr'/dh, where 7' is the transmission of the atmosphere from the top to any given level
h, is presented for all three radiometer channels. Here, the value of N, is 2x10" m™ and
H is equal to 3 km. Figure 11 illustrates that the longer wavelength channels at 37 and
19 GHz are more responsive to the lower regions of the atmosphere compared to the

shorter wavelength 85 GHz channel.
4.B. Stratiform Simulations

In Figures 12a-c, we are presenting the results obtained from the simulations
pertaining to the stratiform observations presented in Table 2b. Three curves (dashed
lines) shown in each one of these figure panels correspond to simulations based on
three different values of N* (10°, 10%, and 10’ m™). In addition, a curve labeled A
represents observed brightness temperatures. The 85 GHz simulations presented in
Fig. 12a show that when N’ is 10° m™, a crude agreement between the observed T85
and simulated T85 can be obtained, except when T85 is near 180 K and 200 K. At these
points, the Z data (see Table 2b Rows A and B) are most likely affected by the problems

related to differences in the radar and radiometer viewing geometry (see Fig. 5a).

We find from Fig. 12b, that when N’ is 10° m™, the simulated T37 agrees poorly
with observed T37. The simulated T37 shows a minimum when T85 is equal to 220 K,
which is not seen in the observations. We may remark that T37 is less sensitive to N’
than simulated T85. From an examination of Fig. 12c, we note the problems present in

the simulation of T37 are compounded further in the T19 simulations.

26



L L] | l L 3 L L] | I ] L L 4 n l | | L L] l L L] L l ] | L) L] l L] L] L} L
L] Convective -
15 | -
0 85 GHz -
S 37 GHz _
= L T~ T 19 GHz
g 10 #:-é I\\’ -:
= “'- ____________________ -
5 L TTmmmrrmmmeeeesaii, -
0-....I....I....I....I....I....I-..A-
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
dt'/dh

Figure 11: The weighting functions for the convective region for the 85 GHz (dark solid
line), 37 GHz (dashed line), and 19 GHz (dotted line) channels. These weighting

functions are derived using the Z profile in Table 2a Row E. Also, the parameters H and
N, are 3 km and 2x10" m?, respectively.



260

240

220

T85 (K)

200

180

Illl'lllll."lllll'
lllllllllllllllllll

300

280

2,

it

' o,

|
lllllllllllllllllll

260

T37 (K)

240

220

300
N'=10°m™
< 280
Tuggss®

\

Two Curves:
N'=10°m™
N'=10'm™

& 260
240

220

'lrlll'l.l.llllllll
]llllllllllllllllll

180 200 220 240 260
T85 (K)

Figure 12: For the stratiform regions, dashed lines indicate simulated a) T85, b) T37,
and ¢) T19 versus observed T85 for the following three values of N: 10°, 10°, and 107
m™*. For comparison, the solid line A representing the observations T85, T37, and T19
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In order to understand the various physical aspects of the radiative transfer
leading to the results shown in Fig. 12, we graphically present information that is
relevant to the stratiform simulations. This information corresponds to the profile of Z
in Row C of Table 2b when T85 is equal to 220 K (see Figure 13a). In Figure 13b, we
show the vertical profiles of the weighted-mean diameter, <D>, of the PSD for the three
different N'values. The profiles of equivalent water content, W, corresponding to these |
conditions are shown in Figure 13c. The related profiles of the extinction coefficients are
illustrated for the 85, 37 and 19 GHz in Figures 14a-c. In a gross fashion, these
extinction profiles are similar to the profiles of the water content presented in Fig. 13c.
The weighting function, dt'/dh, where t' is the transmission of the atmosphere from
the top to any given level h, is presented for all these channels in Figure 15. Here, the
value of N"is 10° m®. These weighting functions clearly show the significance of the
bright band, particularly in the 37 and 19 GHz channels. The impact of the bright band

depends significantly on N".

From the analysis presented above, we infer that the crude agreement obtained
in the 85 GHz channel between the observations and simulations when N is 10° m™ is a
consequence of the reflectivity profile above the freezing level (~5.0 km). This profile
above the freezing level shows a decrease in Z (see 'fable 2b) as the observed T85
increases (see also Fig. 4b). As a result, this crude agreement is produced in the 85 GHz
channel. Such an agreement is not obtained when N is 10° m™ between the 37 and 19
GHz observations and simulations. Simulated T37 and T19 show a minimum when T85
is equal to 220 K, while the observed T37 and TI19 do not (see Figs. 12b and 12¢). A

reason for this minimum in simulated T37 and T19 can be given as follows. From Table
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2b, we discern that the reflectivity below the freezing level in Row C, where T85 is
equal to 220 K, is the largest of all the rows. This implies absorption due to rain below
the freezing level is also the largest of all the rows. This accounts for the minimum in
the simulated T37 and T19. Thus, we infer the disagreement between the observed and
simulated T37 and T19 cannot be explained by the simple radiative transfer models
implemented here. We deduce from these observations that the problems introduced
by the differences of the viewing geometry of radar and radiometer are more acute in

the regions where the rain rates are weak (see Fig. 5a).

In this study, we find that the melting of snow flakes in these simulations results
in a decreased brightness temperature over the land of about 10, 5 and 1 K for T19, T37
and T85, respectively. From the calculations of Bauer et al. (2000), applicable to oceanic
regions, they found that the brightness temperature at 19 GHz increases by about 30 K,
while at 85 GHz this increase is less than 8 K. Taking into consideration the difference in

surface emissivity over land and ocean, theoretical results from both studies display a

fair consistency.
4.C. Review of Simulations

From the radiative transfer simulations presented above using convective and
stratiform models, we conclude that it is possible to crudely explain the interrelationship
between Tbs, observed in the 85, 37 and 19 GHz, by the radiometer, and reflectivity
measured by the radar. However, as pointed out above, on a 20 km scale the
horizontal inhomogeneities in the rain areas and the difference in the viewing

geometry of the radar and radiometer can introduce discrepancies between observed

28



and simulated Tbs. Also, the treatment of the melting layer in the stratiform region
could lead to some discrepancy. These discrepancies cannot be taken into account
purely with the help of the available radiometer data. Since the radiometer measured
brightness temperatures respond to the various hydrometeors contained in a total
column in the atmosphere, the corresponding near-surface rain rate estimated from the
PR will show considerable amount of scatter, as shown in Fig. 3a. On the other hand,
when sufficient averaging is applied to the radar and radiometer data, it is possible to

relate rain rate to the brightness temperature, as shown in Fig. 3b.

As stated earlier, the relatively pure convective and stratiform rain pixels of 20
km scale constitute on average only about 15 % of the total number of rain pixels in a
given MCS. The other 85 % of the data are less pure. Based on this study, we infer that
the Tbs corresponding to this intermediate category will have a relationship with rain
rate that falls in between the relationships for relatively pure convective and stratiform

pixels.

In this study, we have attempted to relate the PR reflectivity profiles with the
TMI measured brightness temperatures including the mixed layer in the convective
model. In the stratiform model, allowance is made for the melting snow particles,
whose density is inversely related to the square of the snow flake diameter. In earlier
studies of Viltard et al. (2000) and Bennartz and Petty (2001), these details were not

incorporated.

As we had stated earlier in Section 3 (see Eq. 5), the rain rate deduced from PR

reflectivity depends on the PSD. In this study, to simulate the observed brightness

29



temperatures, we found that suitable values of N, in the convective model and N in the
stratiform model are 2x10° m™* and 10° m™, respectively. The rain rates derived with
these values of N, and N differ systematically by about 20 % from the PR rain rates.
The reason for this difference is that a Gamma PSD is used to estimate PR rain rates (see

Iguchi et al,, 2000), while we used a Marshall-Palmer DSD in our study.

Detailed sensitivity results to the following variables have not been explicitly
demonstrated: 1) density of graupel and ice aggregates, 2) surface temperature, and 3)
relative shape of the ice particles. For an ice particle with a given mass, when the
density of the ice particle is increased, scattering is enhanced. For a given lapse rate in
the atmosphere, when the surface temperature is increased, the upwelling brightness
temperatures are also increased. Based on earlier studies (e.g., Wu and Weinman,
1984), the difference between the brightness temperatures in the horizontal and vertical
polarization could be effected by the shape of the ice particles more sensitively than the
magnitude of the individual brightness temperatures. Even though we have not fully
considered these sensitivities, rwe contend that it is feasible to simulate crudely the
interrelationship between the brightness temperatures observed by TMI and the
vertical profile of reflectivity derived by PR with the convective and stratiform models

of microwave radiative transfer developed here.

5. Conclusions

Hydrometeor distributions associated with rain are highly variable in space and
time. Understanding the impact of hydrometeor profiles on radiative transfer with the

help of observations and models is needed in developing rainfall retrieval methods
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from microwave radiometer data. For this purpose, in this study we have examined
the information given by the PR and TMI onboard the TRMM satellite for relatively
pure convective and stratiform rain regions. In view of the fact that the radar and the
radiometer data have different viewing geometry, it is necessary to average these data
to a scale of about 20 km. The average properties of the PR and TMI data presented in
Tables 2a and 2b, based on 20 MCS cases over tropical land, are very helpful to compare
the observations from these two instruments. These tables, and Figs. 4a and 4b, show
that on average there is a relationship between the PR reflectivity profiles and TMI
measured brightness temperatures in 85, 37, and 19 GHz. Also, TMI and PR
observations in the tropics show that there are two distinctly different relationships
between T85 and PR rain rate in convective and stratiform rain regions. As shown in
Fig. 3b, for a given change in rain rate, T85 varies much less in convective regions than
in stratiform regions. On the other hand, from Tables 2a and 2b, one finds that the
radiometer data in 19, 37, and 85 GHz channels are on the average redundant and have
a poor ability to estimate convective and stratiform rain rates in an objective fashion.
Thus, any method to retrieve rain rate from a microwave radiometer must have a
technique to separate convective, stratiform and rain-free areas. One such method to

discriminate these areas depends on local minima in the spatial distribution of 85 GHz

data (see PIWD, 2000).

In order to explain the relationship between TMI measured brightness
temperatures and PR reflectivity profiles (see Figs. 4a and 4b), we have performed
radiative transfer calculations. In these calculations, it is found that it is necessary to
include a mixed layer of water drops and ice particles in the convective rain regions

above the freezing level, and a melting layer (bright band) in the stratiform regions
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below the freezing level. Also, the hydrometeor particle size distribution is found to
play an important role in both the convective and stratiform simulations. In Section 4,
we show from theoretical simulations that because of errors introduced by differences
in the viewing geometry, it is possible to explain only crudely the observed brightness
temperatures in the 85 GHz channel. When we consider the 19 and 37 GHz channels,
additional problems arising from contamination introduced by the relatively warm

surface and the lower layers in the atmosphere forces the simulated values to differ

from the observed values.

From Fig. 1d, we infer that the surface and lower atmospheric contamination in
the long wavelengths can be minimized by taking the difference between brightness
temperatures in the 19 and 37 GHz channels, i.e. T19-T37. This difference signal,
although weaker in magnitude, has a similar relationship with rain rate as that of T85.
This suggests that T19-T37 may be used as additional information to enhance rain

information from TML.

Liu and Curry (1998, 1999, and 2000) show from the aircraft and satellite passive
microwave radiometer data that channels near 150 GHz, which have much stronger
extinction than the 85 GHz, can give useful information about ice water content in the
upper layers of the troposphere. Because of its higher frequency, for the same size of
antenna, a channel near 150 GHz can yield a spatial resolution that is about two times
better than the 85 GHz. We find that this high extinction and spatial resolution will be
extremely valuable in isolating brightness temperature minima corresponding to
convective cells in vigorously developing and decaying thunderstorms (PIWD, 2000).

Also, 150 GHz radiation is more opaque to water vapor than that at 85 GHz. This
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makes a 150 GHz channel useful in the middle and high latitudes, where surface
contamination becomes a problem at 85 GHz. From these considerations, we contend
that microwave radiometers with a conical-scanning geometry that yields spatially

continuous observations in a 150 GHz channel will be valuable for the remote sensing

of rain.

Understanding the relationship between the measurements made by microwave
radiometers and convective and stratiform rain is necessary for the future Global
Precipitation Measurement (GPM) mission (E. A. Smith, personal communication). In
GPM a constellation of satellites with microwave radiometers are expected to be flown
without an accompanying radar. This will also be the case with microwave radiometers
onboard the Earth Observing System's Aqua satellite and the Japanese satellite Adios.

Thus, the present study has useful applications for future satellite missions.
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Appendix: Computational Model of Radiative Transfer

Assuming local thermodynamic equilibrium and plane-parallel stratification, the
radiative transfer equation, including absorption and scattering processes in the
atmosphere, can be written as follows at a given frequency of radiation in the

microwave region (Chandrasekhar, 1960; Weinman and Guetter, 1977):

i dTb(g:_,ll) =—T,(t.p) + @Tp(ﬂ,u')'rb(r’u')dy' + {l—w(r)}T(r). (A1)

The parameters in this equation are:

e T,(7,u) - the brightness temperature of radiation along a direction given by the
direction cosine u at an optical depth 7 in the atmosphere.

e w-the single scattering albedo, including cloud liquid, hydrometeors, and
atmospheric gases, can be written as @(7) =k, / (kS +k, +kg) =k, /k,, where k,, k,
and k, are the volume scattering, absorption, and extinction coefficients of the
particles. Furthermore, k, represents the total volume absorption coefficient due to
gases in the atmosphere.

e P(u,u') - the azimuthally averaged scattering phase function. The symbol p'
represents the direction cosine of incident radiation.

e T(7) - the local temperature of the atmosphere.
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The two boundary conditions to solve Eq. A1 are the brightness temperature

downwelling on the top of the atmosphere, and upwelling at the bottom of the

atmosphere. These are given below:

T,(t=0,u7)=3K

T(r=7.1')=Te ) + {I-&(Win(r= o) (A.2b)

where Tb(r =1, u’) is the downwelling brightness temperature incident on the surface.

The parameters T, and g,(14) are the surface temperature and emissivity, respectively.

In our model, this atmosphere is numerically represented with 90 layers between
the surface and an altitude of 18 km. We solve Eq. A.l numerically by the method of
successive orders of scattering. This method involves computation of the source
function and intensity using the recursion relationship between them (see for e.g. Liou,
1980; Prabhakara et al., 1988) for each successive order of scattering. In this study, the
method is iterated until the brightness temperature emerging at the top of the

atmosphere converges to within 0.1 K.

We have used the Mie computational procedure of Wiscombe (1980) to calculate
the volume absorption and scattering coefficients, k, and k,, as well as the phase
function, P. We may note these properties k,, k, and P depend on the real and
imaginary parts of the refractive index as a function of the local temperature (Ray,

1972).
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When a given volume of the atmosphere contains both water drops and ice

particles, k,, k,, and P(u,u") are defined by

ks = fwatkswat + ficeksice
ke = f;vatkewat + ficekeice (A3)

P(ul .u') = fwaszat (:u’ /J') + ficePice (,U, :u')

The volume fractions of water, f,,,, and ice, f,, are defined in Eq. 6 of the text. Also, in
the above equation k,,,, k.., and P, (uu') are respectively the scattering and
extinction coefficients and the phase function for water. Similarly, k., k.., and P, (1,}L)

are the scattering and extinction coefficients and the phase function for ice, respectively.

In Eq. A.1, the sum of the two terms farthest to the right are referred to as the

source function. Thus, the source function, S(t,t), is expressed as:
CO(T) +1
S(z,4) = TIP(#, W () + {1- ()} T(7). (A.4)
-1

When the scattering in the atmosphere is absent, the source function reduces to T(7).
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Figure Captions

Figure 1: Maps of a) T19, b) T37, ¢) T85, d) (T19-T37), and e) PR near-surface rain rate

for a mesoscale convective system observed by the TRMM satellite on 5 June 1998 over

the Southeast United States.

Figure 2: Vertical cross-sections of a) PR reflectivity, b) TMI T19, T37, and T85, and ¢)
PR near-surface rain rate for the MCS presented in Figure 1. Note that these

observations represent those from the TRMM sub-satellite track.

Figure 3: Observed PR rain rate versus 85 GHz brightness temperature for a) 20 km
pixels and b) averages of 20 km pixels over 20 K intervals of T85. The open circles
denote observations from convective regions, while the filled circles represent
observations from stratiform regions. Data for these plots are taken from TRMM

observations of 20 MCS cases over land.

Figure 4: PR reflectivity, Z, at different altitudes versus T85 for a) convective and b)
stratiform rain. The symbols denoting the various altitudes are shown as an inset in
Panel b. Also, the dashed boxes in both figures indicate data with pronounced
anomalous character arising from differences of the viewing geometry of the TMI and

PR observations.
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Figure 5: Possible viewing geometry of the PR and TMI in the vertical cross section
shown in Figure 2a for the following pixels: a) a surface pixel underneath the Bounded
Weak Echo Region (BWER), where the rain rate is weak and b) a surface pixel

underneath a convective tower, where the rain rate is heavy.

Figure 6: For the convective regions, dashed lines indicate simulated T85 versus

observed T85 for the following three values of Ny a) 2x10° m*, b) 2x10” m™, and ¢)

2x10° m™*. In each figure, the depth, H, of the mixed layer above the freezing level is
indicated for each curve. The solid line A in these figures representing T85 is included

for comparison.

Figure 7: For the convective regions, dashed lines indicate simulated T37 versus

observed TS5 for the following three values of N a) 2x10° m*, b) 2x10” m™, and o

2x10° m™*. In each figure, the depth, H, of the mixed layer above the freezing level is
indicated for each curve. The solid curve A in these figures representing T37 is

included for comparison.

Figure 8: For the convective regions, dashed lines indicate simulated T19 versus

observed T85 for the following three values of N a) 2x10° m*, b) 2x10” m*, and ¢

2x10° m™. In each figure, the depth, H, of the mixed layer above the freezing level is
indicated for each curve. The solid curve A in these figures representing T19 is included

for comparison.
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Figure 9: Deduced from the data in Table 2a Row E, convective profiles of average a)

reflectivity, Z, b) weighted mean diameter of the PSD, <D>, and ¢) equivalent water
content, W. The three curves in Panels b and c represent the sensitivity of <D>and W

to the following N, values: 2x10°, 2x10’, and 2x10° m™*. Also, the value of His 3 km.

Figure 10: Extinction profiles for one convective region computed from Mie Theory for
the a) 85 GHz, b) 37 GHz, and ¢) 19 GHz channels. Each extinction profile is deduced
from the hydrometeor profile that is generated using Z (see text) given in Table 2a Row
E. The three extinction profiles in each panel are produced by varying N, values: 2x10°,

2x107, and 2x10°* m™®. Also, the value of His 3 km.

Figure 11: The weighting functions for the convective region for the 85 GHz (dark solid
line), 37 GHz (dashed line), and 19 GHz (dotted line) channels. These weighting
functions are derived using the Z profile in Table 2a Row E. Also, the parameters H and

N, are 3 km and 2x10” m™, respectively.

Figure 12: For the stratiform regions, dashed lines indicate simulated a) T85, b) T37,
and ¢) T19 versus observed T85 for the following three values of N™: 10°, 10°, and 107
m™. For comparison, the solid line A representing the observations T85, T37, and T19

are presented in Panels a,b, and ¢, respectively.

Figure 13: Profiles of a) reflectivity, b) weighted mean diameter of the PSD, and ¢©)
equivalent water content for the average of stratiform rain pixels given in Table 2b Row
C. The three curves in Panels b and ¢ represent the sensitivity of <D> and W to the

following N" values: 10°, 10%, and 10" m™.
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Figure 14: Stratiform extinction profiles computed from Mie Theory for the a) 85 GHz,
b) 37 GHz, and ¢) 19 GHz channels. Each extinction profile is deduced from the
hydrometeor profile that is generated using Z from PR given in Table 2b Row C and a
Marshall-Palmer PSD. The three curves in each panel represent the sensitivity of the

extinction profiles to the following N values: 10°, 10°, and 10’ m™.

Figure 15: The weighting functions for the stratiform region for the 85 GHz (dark solid
line), 37 GHz (dashed line), and 19 GHz (dotted line) channels. These weighting
functions are derived using the Z profile in Table 2b Row C. Also, the parameter N’ is

10° m™.
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Table Captions

Table 1: The date, time, and location for 20 MCS events over land observed by the
TRMM satellite. Also given are the number of convective and stratiform pixels for each
rain event. (The pixel data derived from TMI and PR associated with these rain events

are made available through anonymous FIP at climate.gfsc.nasa.gov).

Table 2: Average of PR and TMI 20 km pixel observations within a given 20 K interval
of T85 for a) convective and b) stratiform rain. The averages are calculated for the
following parameters: T85; T37: T19; convective rain fraction; PR near-surface rain rate,
R; and PR reflectivity, Z, at 1, 3, 4, 4.5, 6,7, 9, and 11 km. The number of 20 km pixel
observations in a given T85 interval is also shown in these tables. Note, in the
stratiform pixel statistics, the stratiform rain fraction is indicated instead of the
convective rain fraction. The population of pixels used to generate these statistics

associated with convective and stratiform rain is deduced from 20 MCS cases over land

regions.

46



woo.  TMITIO(K) @ N . a 56.00)

D ‘ J
ssﬁﬂ,,«> T | [t
%20 T | e

%80

34,40 — ’ 4440,
LD : :

3400 '
oo 040 9000 8960 89.20 -38.80 8840 -B8.00 -87.60

300 7 e :
-88.40 -88.00 -87.60

[907.30 .90.40 -90.00 -89.60 -89.20 -88.80 -88.40 .88.00 -87.60 | 190.80 -90.40 -90.00 -89.60 -89.20 8880

3400l : : Do
ope0 -30.40 9000 8960 8920 8880 -88.40 -88.00 -wlecﬂ

Figure 1: Maps of a) T19, b) T37, o) 185, d) (T19-T37), and e) PR near-surface rain rate
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the Southeast United States.
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Figure 2: Vertical cross-sections of a) PR reflectivity, b) TMI T19, T37, and T85, and ¢)
PR near-surface rain rate for the MCS presented in Figure 1. Note that these
observations represent those from the TRMM sub-satellite track.
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Figure 3: Observed PR rain rate versus 85 GHz brightness temperature for a) 20 km
pixels and b) averages of 20 km pixels over 20 K intervals of T85. The open circles denote
observations from convective regions, while the filled circles represent observations
from stratiform regions. Data for these plots are taken from TRMM observations of 20

MCS cases over land.
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Figure 4: PR reflectivity, Z, at different altitudes versus T85 for a) convective and b)
stratiform rain. The symbols denoting the various altitudes are shown as an inset in
Panel b. Also, the dashed boxes in both figures indicate data with pronounced
anomalous character arising from differences of the viewing geometry of the TMI and
PR observations.
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Figure 5: Possible viewing geometry of the PR and TMI in the vertical cross section
shown in Figure 2a for the following pixels: a) a surface pixel underneath the Bounded
Weak Echo Region (BWER), where the rain rate is weak and b) a surface pixel
underneath a convective tower, where the rain rate is heavy.
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Figure 6: For the convective regions, dashed lines indicate simulated T85 versus

observed T85 for the following three values of N: a) 2x10® m* b) 2x10” m™, and ¢)
2x10®* m™. In each figure, the depth, H, of the mixed layer above the freezing level is

indicated for each curve. The solid line A in these figures representing T8S is included
for comparison.
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Figure 7: For the convective regions, dashed lines indicate simulated T37 versus

observed T85 for the following three values of Ny: a) 2x10° m*, b) 2x10” m*, and ¢)
2x10° m*. In each figure, the depth, H, of the mixed layer above the freezing level is

indicated for each curve. The solid curve A in these figures representing T37 is
included for comparison.
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Figure 8: For the convective regions, dashed lines indicate simulated T19 versus

observed T85 for the following three values of Ny: a) 2x10° m*, b) 2x10° m™, and c)
2x10° m™. In each figure, the depth, H, of the mixed layer above the freezing level is

indicated for each curve. The solid curve A in these figures representing T19 is
included for comparison.
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Table 2a Row E, convective profiles of average a)

reflectivity, Z, b) weighted mean diameter of the PSD, <D>, and ¢) equivalent water
and c represent the sensitivity of <D> and W
to the following N, values: 2x10°, 2x107, and 2x10° m*. Also, the value of H is 3 km.

content, W. The three curves in Panels b
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Figure 10: Extinction profiles for one convective region computed from Mie Theory for
the a) 85 GHz, b) 37 GHz, and ¢) 19 GHz channels. Each extinction profile is deduced
from the hydrometeor profile that is generated using Z (see text) given in Table 2a Row
E. The three extinction profiles in each panel are produced by varying N, values: 2x10°,
2x107, and 2x10® m™*. Also, the value of His 3 km.
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Figure 11: The weighting functions for the convective region for the 85 GHz (dark solid
line), 37 GHz (dashed line), and 19 GHz (dotted line) channels. These weighting
functions are derived using the Z profile in Table 2a Row E. Also, the parameters H and
N, are 3 km and 2x10” m*, respectively.
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Figure 12: For the stratiform regions, dashed lines indicate simulated a) T85, b) T37,
and ¢) T19 versus observed T85 for the following three values of N": 10°, 10°, andl_O7
m™*. For comparison, the solid line A representing the observations T85, T37, and T19
are presented in Panels a, b, and ¢, respectively.
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Figure 14: Stratiform extinction profiles computed from Mie Theory for the a) 85 GHz,
b) 37 GHz, and ¢) 19 GHz channels. Each extinction profile is deduced from the
hydrometeor profile that is generated using Zfrom PR given in Table 2b Row C and a
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Figure 15: The weighting functions for the stratiform region for the 85 GHz (dark solid
line), 37 GHz (dashed line), and 19 GHz (dotted line) channels. These weighting
furélctigns are derived using the Zprofile in Table 2b Row C. Also, the parameter N is
10° m™.



Table 1: The date, time, and location for 20 MCS events over land observed by the
TRMM satellite. Also given are the number of convective and stratiform pixels for each
rain event. (The pixel data derived from TMI and PR associated with these rain events
are made available through anonymous FIP at climate.gfsc.nasa.gov).

Number Month Day Time Lat Long Region # Conv # Strat
Pixels _Pixels

1 '98 Jan 9 528 -4.65 -74.20 Amazon 3 94
2 '99 Jan 19 1820 -1790 29.75 Africa 1 24
3 9 Feb 13 1431 -17.20 127.50 Australia 12 13
4 '98 Jun 5 708 32.75 -92.00 USA 10 1
5 '98 Jun 5 845 35.00 -89.10 USA 27 40
6 '98 Jun 8 2010 1250 -1.40 Africa 5 11
7 ‘98 Jun 9 1030 4.40 -66.20 Amazon 0 62
8 98 Jun 11 441 33.00 -99.50 USA 13 14
9 98 Jun 18 1500 26.90 115.70 China 3 66
10 98 Jun 20 1411 2580 115.00 China 4 17
11 98Jun 29 456 32.75 116.00 China 12 19
12 ‘98 Jul 1 829 1220 -2.20 Africa 12 27
13 '98 Jul 5 223 2400 81.50 India 7 29
14 '98 Jul 20 1648 2890 116.00 China 2 18
15 '98 Jul 20 2247 1780 -0.05 Africa 20 27
16 '99 Jul 11 157  25.00 84.10 India 14 54
17 '99 Jul 22 405 460 -69.30 Amazon 11 17
18 '99 Jul 29 2018  14.45 2.50 Africa 13 15
19 99Sep 16 413 3420 -78.20 USA 11 62
20 ‘98 Dec 28 1034 -26.70 -58.00 South America 30 40
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